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The p resen t  i n v e s t i g a t i o n  stems from the  research  work c a r r i e d  out  
by t h e  p r i n c i p a l  i nves t iga to r  a t  Marshall  Space Flight Center under a n  
ASEE/NASA Summer Facul ty  Fellowship i n  the  summer of 1966. 
descr ibed i n  t h e  fol lowing repor t :  
This  work i s  
"Hydraulic Compound Vortex Valves wi th  High P res su re  Gain," 
F. R,  Goldschmied, NASA TM X-53539, November 1 4 ,  1966. 
Also a p a t e n t  app l i ca t ion ,  "Shear Modulated F lu id  Amplifier," has  been 
f i l e d  by NASA, Case No. 10412, i n  December 1967. 
It w a s  found t h a t  t h e  most important problem outs tanding  w a s  t h a t  
of hydrau l i c  i n s t a b i l i t y ,  i .e .  s t rong p res su re  f l u c t u a t i o n s  i n  t h e  out- 
pu t  of t h e  f l u i d i c  ampl i f i e r .  Such f l u c t u a t i o n s  could not  b e  t o l e r a t e d  
i n  a n  aerospace c o n t r o l  c i r c u i t .  Thus, i t  w a s  decided t o  concent ra te  
f irst  on t h e  problems of time-dependent v i scous  f low as a g a i n s t  t h e  clas- 
s ica l  i n v i s c i d  a c o u s t i c  treatment wi th  t he  assumption of zero  mean flow. 
A t  t h e  same time hydraul ic  t e s t  fac i l i t i es  were t o  be assembled, t o  pro- 
v i d e  some 15 gpm a t  3000 p s i  f o r  f u t u r e  experimental  work on new and 
improved ampl i f i e r s .  
Some previous work w a s  done by t h e  p r i n c i p a l  i n v e s t i g a t o r  and h i s  
a s s o c i a t e s  on t h i s  sub jec t  under NASA Contract  NAS 8-11236 (1964) and 
a l s o  NAS 8-20102 (1965). These earlier r e s u l t s  are also t o  be  used i n  
t h e  p re sen t  i n v e s t i g a t l o n  as app l i cab le  and they are descrfbed i n  t h e  
fo l lowing  c o n t r a c t o r ' s  report$:  
"Analy t ica l  I n v e s t i g a t i o n  of F lu id  Amplif iers  Dynamic Character-  
i s t i c s , "  NASA CR-244 and NASA CR-245. J u l y  1965. 




It is  impossible t o  p r e d i c t  t h e o r e t i c a l l y  t h e  dyriamic performance 
This is unfortunate  bue of a complete c o n t r o l  ampl i f i e r  o r  component. 
no t  d i s a s t r o u s  i f  the  theory w i l l  po in t  ou t  t h e  c o r r e c t  parameters t o  
s c a l e  exper inenta l  r e s u l t s  from model t o  prototype.  
is  aot properly understccd, t h m  t r u l y  the  cost  of engineer ing develop- 
I f  such s c a l i n g  
ments w i l l  be p r o h i b i t i v e  i n  terns of time and money. 
t i c u l a r l y  c a r e f u l  i n  s c a l i n g  dynamic r e s u l t s  (amplitude-response and 
One must be par- 
phase-angle) i n  t h e  s t rong ly  non-llnear domain of tranqient v iscous  
flow. 
Two apparent ly  s i m p l e  problems have been s e l e c t e d  f o r  a n a l y t i c a l  
and experimental  study: 
a. Pu l sa t ing  v iscous  imcompressible flow i n  a long r i g i d  
tube i n  t h e  intermediate  damping range. Rela t ionship  
between instantaneous pressure g rad ien t  and ins tan tan-  
eous f low f o r  a r b i t r a r y  pu l se  shapes,  f requencies ,  and 
mean flow rates. 
b. O s c i l l a t i n g  (harmonic) viscous compressible flow i n  
r i g i d  tubes  with volume terminat ion.  Amplitude-response 
and phase-angle between imposed p res su re  and volume S e m i n a t i o n  
pressure  as a func t ion  of frequency, geometric, f l u i d ,  
and thermodynamic parameters. 
RESEARCH RESULTS 
1. The problem (a )  above was the f i r s t  t o  be handled s i n c e  much experi-  
mental work had a l r eady  been done as  p a r t  of a master's t h e s i s  a t  
t he  Univers i ty  of Utah, Mechanical Engineering Department. The 
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p r o j e c t  w a s  completed in t h e  1967 f a l l  quar te r  and t h e  manuscript 
was submitted f o r  pub l i ca t ion  i n  .January 1968 t o  Marshall  Space F l i g h t  
Center ,  As t r ion ic s  Laboratory. It was issued i n  NASA format as foll.ows: 
NASA TM X-53719, March 25, 1968 
AN EXPERIMEhTAL STUDY OF PULSATTEI'G FLOW OF 
INCOMPRESSIBLE VISCOUS FLUIDS I N  RIGID PIPES I N  
THE INTERMEDIATE DAMPING RANGE 
F. R. Goldschmied 
ABSTRACT 
This  r e p o r t  p re sen t s  a n  experimental  v e r i f i c a t i o n  of Womersley's 
method f o r  t he  c a l c u l a t i o n  of instantaneous f low rate i n  a pu l sa t ing  
incompressible f low f r o q  t h e  measured ins tan taneous  long i tud ina l  
p r e s s u r e  g rad ien t  i n  r i g i d  pipes .  
c a b l e  to  any complex flow pulse .  
The method of computation is  appl i -  
The experimental  f low genera t ion  was 
based on f l u i d i c  and p e r i s t a l t i c  pumps producing a v a r i e t y  bf p u l s a t i l e  
and o s c i l l a t o r y  flows having f i n i t e  mean flow rates. D i g i t a l  computer 
c a l c u l a t i o n s  of instantaneous flow r a t e s  were i n  good agreement wi th  
measured da ta .  The instantaneous phase angle  between pressure  and flow 
w a s  a l s o  i r lvest igated and w a s  found t o  be a func t ion  of t h e  p ipe  Stokes 
Number. 
I 
2. The problem (b) above was handled next .  The d5mensional a n a l y s i s  
of t h e  problem w a s  performed by t h e  p r i n c i p a l  i n v e s t i g a t o r  under 
NASA Contract NAS 8-11236 and i s  given i n  NASA CR-244 (1965); t h e  
experimental  da t a  used were obtained by t h e  p r i n c i p a l  i n v e s t i g a t o r  
and h i s  a s s o c i a t e s  under NASA Contract  NAS 8-20102 (1965). Other 
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test d a t a  have been obtained from t h e  t echn ica l  l i t e r a t u r e  as 
a d d i t i o n a l  v e r i f i c a t i o n .  
v a l i d ,  ex tens ive  numerical computations have been performed t o  allow 
convenient a p p l i c a t i o n  to engineering problems and a l s o  t o  g i v e  a 
good phys ica l  i n s i g h t  on the  dimensionless pa rane te r s  governing these 
f l u i d  processes .  
Space F l i g h t  Center,  As t r ion ics  Laboratory,  for pub l i ca t ion  i n  NASA 
format.  The t i t l e ,  au thor ,  and summary are given below: 
Having accepted the  a n a l y t i c a l  theory as 
The manuscript i s  herewith submitted to  Marshall  
ON THE DYNAMIC RESPONSE OF VISCOUS COMPRESSIBLE 
FLUIDS I N  R I G I D  TUBE$ WITH VOLUME TERMINATION 
AS A FUNCTION OF THE STOKES NUMBER. 
F. R. Goldschmied 
SUMMARY 
A i r ,  carbon d ioxide ,  and helium test  d a t a  are presented f o r  t h e  
experimental  v e r i f i c a t i o n  of I b e r a l l ' s  a n a l y s i s  of t he  dynamic response of 
viscous  compressible f l u i d s  i n  r i g i d  tubes with deadended volume termina- 
t i o n .  Addit ional  a i r  test d a t a  by Watts are a l s o  shown so as t o  complete 
t h e  v e r i f i c a t i o n .  
A graph ica l  d i sp l ay  i s  given of numerical computer s o l u t i o n s  of I b e r a l l ' s  
theory  over a l a r g e  range of parameters. 
s h o w  a g a i n s t  dimensionless frequency, Stokes number, volume r a t i o ,  and 
s p e c i f i c  h e a t s  r a t i o .  
ampli tude r a t i o  and corresponding phase angle  aga ins t  dimensionless fre- 
quency, Stokes number, volume r a t i o ,  and s p e c i f i c  h e a t s  r a t i o .  
that  t h e  Stokes number is t he  s t ronges t  func t iona l  parameter and t h a t  t he  
The p res su re  amplitude r a t i o  is  
The resonance p o i n t s  are given i n  terms of maximum 
It i s  seen 
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volume ratio and s p e c i f i c  h e a t s  r a t i o .  
is given a t  which the  amplitude-ratio reaches  2 10%. 
F ina l ly  the  dimensionless frequency 
A FORTRAN V computer p r o g r p  f o r  I b e r a l l ' s  genera l  s o l u t i o n  i s  a l s o  
appended. * 
PUBLICATION ACTIVITY 
Two NASA r e p o r t s  have resu l ted  from t h i s  r e sea rch  g r a n t ,  a s  follows: 
"An Experimental Study of Pulsa t ing  Flow of Incompressible 
Viscous F lu ids  i n  Rigid Pipes i n  t h e  In te rmedia te  Damping Range" 
F. R. Goldschmied, NASA TM X-53719, March 25, 1968. 
"On t h e  Dynamic Response of Viscous Compressible F lu ids  i n  Rigid 
Tubes wi th  Volume Termination as a Function of t h e  Stokes Number," 
F. R, Goldschmied, NASA TM ( t o  be published)  October 1968. 
Also of i n t e r e s t  may be the publ ica t ion  i n  the  Apr i l  1968 i s s u e  of t he  AIAA 
Journa l  of Hydronautice (pp. 102-107) of t he  fol lowing paper: 
"Underwater Hovering Control wi th  F lu id  Amplifier," F. R. Goldschmied, 
(previously presented a s  AIAA Paper  67-433 .) 
The ampl i f i e r  used i n  the  work reported in t h i s  paper was t h a t  developed 
wi th  NASA funding and descr ibed i n  t h e  fol lowing publ ica t ion :  
"Hydraulic Axisymmetrical Focussed-Jet b i v e r t e r s  wi th  Pneubnatic 
Control," F. R. Goldschmied and M. A. Kalange, NASA TM X-53554, 
December 15, 1966. 
The work i tself  w a s  performed as a p a r t  of the  Univers i ty  of Utah graduate  
r e 8 ear c h ac t iv  i t y 
In a d d i t i o n ,  a paper has been prepared f o r  submission t o  the  1969 
iTcint, Automatic Control Conference. This  paper is a r e v i s i o n  and ampli- 
f i c a t i o n  of WSA TM X-53539, November 1 4 ,  1966, "Hydraulic Compound Vortex- 
Valves wi th  High Pressure  Gain," by F. R .  Goldschmied. The t i t l e ,  au thor ,  
and summary are given below: 
c 
I 
PRELIMINARY DEVELDPXFZT OF COMPOUND 
VORTEX GMPLIPIERS FOR HMRAULIC HIGH- 
PRESSURE APPLICATION 
F. Q ,  Goldschmied 
A compound vor t ex  ampl i f i e r  has been developed i n  the  field of fluidic 
2 hydraul ic  devices  a t  the 700 t o  2000 N/cm 
Unlike present  vo r t ex  cantrcrt va lves  where the c o n t r o l  p re s su re  must exceed 
(1000 t o  3000 psi) pressure Level. 
t h e  supply p re s su re  throughout the flow turndown range, the new ampl i f i e r  
demands an input  from 0 t o  100 N/cm 
0 t o  620 N / c m  
2 t o  yie ld  a propor t iona l  output from 
2 2 a t  blocked load, with a supply  p re s su re  of 965 N/cm . 
The compound ampl i f i e r  comprises a p i l o t  s t a g e  based on vortex-shear 
jet modulation, suitably matched to a convent ional  vo r t ex  cont ro l  valve 
ds t he  power s t age .  
conf igura t ion .  
Complete steady-state data are presented f o r  the new 
Dynamic response will be presented  in a f u t u r e  paper. 
THE HIGH PRESSURE HYDRAULIC TEST FACILITY 
The Fluid Control Systems Laboratory 
Universi ty  of Utah 
March 15,  1968 
The High-pressure Hydraulic Test F a c i l i t y  i s  intended t o  provide 
v e r s a t i l e  experimental means f o r  t he  test of f l u i d i c  components and . 
systems a t  pressure  l e v e l s  from 3000 p s i  t o  100 p s i .  
t h i s  f a c i l i t y  has been made possible  by NASA Research Grant NGR 45-003- 
The e r e c t i o n  of 
041, by surp lus  equipment from NASA MSFC and by t h e  donation of  much 
hydraul ic  equipment from Hydraulic Research and Manufacturing Company of 
Burbank, Ca l i fo rn ia .  
The t e s t  f a c i l i t y  comprises a high-pressure (3000 p s i )  supply loop,  
a medium-pressure (500 p s i )  supply loop,  and a low-pressure (100 p s i )  
return-flow loop. 
The test  bed i s  serviced by t h r e e  high-pressure suppl ies ,  two medium- 
pressure  supp l i e s ,  and by nine low-pressure r e tu rns .  
Phys ica l ly  the  f a c i l i t y  comprises the  following main assemblies:  
a. Hydraulic power s e c t i o n  with pumps, motors, motor starters, 
o i l  r e s e r v o i r ,  o i l  f i l t e r ,  o i l  coo le r ,  and high-pressure 
supply panel.  
b. T e s t  bed and return-flow manifolding. 
c .  High-pressure regula t ion  panel (mounted over tes t  bed). 
d. Medium-pressure supply panel (mounted over test bed). 
- 1.2-L _-----.- -- -..-^I -.--..4A LWO L U ~ U  pLet ,auLe 
pumps provide 22 gpm a t  500 p s i  with a t o t a l  of 50 HP i n s t a l l e d  f o r  e lec-  
pLwV.LUe 14 gpri at 3QOQ n c i  r-- and +-WQ medim-pressure 
t r i c  motors. The d e t a i l e d  l ist  of i t e m s  i s  given below; the  i t e m  number 
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corresponds t o  t h e  circled number i n  t h e  layout  (Figure 1 ) .  
L i s t  of I t e m s  
1. Denison Hydraulic Pump, Se r i e s  600 Axial P i s t o n  Type, PA 072-560B, 
3000 p s i ,  11 gpm, 30 HP a t  1800 rpm, S e r i a l  No. 2190, 5000 p s i  
maximum pressure.  
Electric motor: Louis  A l l i s  Model COGX, S e r i a l  No. 2723277, 30 HP 
a t  1770 rpm, 220/440 vol t .  
2. Kline Hydraulic Pump, Model BJA00484 CCW, S e r i e s  1205, S e r i a l  No. 
1676, 3 gpm a t  1740 rpm, 3000 p s i .  
Electric motor: Reuland E l e c t r i c  Type ML, S e r i a l  No. 274910, 
7.5 HP a t  1800 rpm, 220/400 v o l t .  
3. Denison Hydraulic Pump Se r i e s  TlD Vane Type, Model TlD28 FAR 4,  
S e r i a l  No. 9300, 20 gpm at 1150 rpm, 500 p s i ,  10  HP. 
E l e c t r i c  motor: U.S. Motors Uni closed,  10 HP, 1200 rpm, S e r i a l  
No. 3250223. 
4. Viking Hydraulic Pump, Model 26PH2, Gear Type, S e r i a l  No. JK355B, 
2gpm a t  1200 rpm, 500 p s i .  
E l e c t r i c  motor: U.S. Motors Uni c losed,  1 HP, 1200 rpm, S e r i a l  
No. 2643208. 
5 .  High-pressure (3000 p s i )  HR&M F i l t e r .  
6. High-pressure HR&M Nitrogen Accumulator. 
7. Rel ief  va lve  0-5000 p s i ,  Denison. 
8. Pressure-reducing va lve ,  0-3000 p s i .  
9. Rel ief  valve,  0-500 p s i ,  Denison. 
10. Neddle valve.  
11.. Load valve.  
12. Pressure  gauge, 0-5000 p s i .  
13, Pressure gauge, 0-3000 p s i .  
14.  Pressure  gauge, 0-500 p s i .  
16. Service low-pressure valve,  1 1/4". 
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17 .  High-pressure 1 /4  t u r n  shut-off va lve ,  Jamesbury. 
18 Check-valve, 3/4" Kepner . 
19. Check-valve, 1/4" Kepneri 
20. Check-valve, 1 /2"  Kepner . 
21. Check-valve, 1" Repner 
22. Check-valve, 1 1 / 2 " .  
Assembly (a )  is d e t a i l e d  i n ,  Figure 2, "Hydraulic Power Secticm," 
and i n  Figure 3, "High-Pressure Supply Panel." 
Assembly (b) is d e t a i l e d  i n  Figure 4, " T e s t  Bed and Return Manifold 
Layout . 
Assembly (c) is  d e t a i l e d  i n  Figure 5, "High Pressure  Regulation," 
comprising the  r egu la t ion  sec t ion  and the  r egu la t ion  panel .  
Assembly (d) is d e t a i l e d  i n  Figure 6, "Medium Pressure  Supply," 
comprising t h e  supply s e c t i o n  and t h e  supply panel .  
I n  regard t o  instrumentat ion,  i n  a d d i t i o n  t o  convent ional  p re s su re  
gages,  t h e  fol lowing dynamic pressure  t ransducers  have been made avail- 
able t o  t h e  Hydraulic T e s t  F a c i l i t y :  
3 Statham Model UR5 Analog Readout 
3 Statham Model UC3 Compression Transducing C e l l  
3 Statham Model UGP4 Pressure  Accessory 
3 Statham Model UGPU-L Diaphragm K i t  
0-1 p s i g  
0-2 ps ig  
0-20 p s i g  
0-5 ps ig  
0-10 p s i g  
0-50 p s i g  
3 Statham Model UGP4-H Diaphragm K i t  
0-100 psig 
0-200 psig 
0-500 p s i g  
0-1000 ps ig  
0-2000 psig 
0-5000 p s i g  
Thus, three complete channels of pressure instruments are available from 
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HIGH PRESSURE REGULATION 
Figure 5. High P r e s s u r e  Regulation 
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MEDIUM PRESSURE SUPPLY PANEL 
Needle Pressure 
Va I ve n 
Shut-of f 
MEDIUM PRESSURE SUPPLY 
' F i g u r e  6 .  Medium Pressure  Supply 
